The radical and superoxide scavenging activities of oxidized matairesinols were examined. It could be assumed that the free benzylic position was important for higher radical scavenging activity. The different level of activity was observed between 7 0 -oxomatairesinol (Mat 2) and 7-oxomatairesinol (Mat 3). The activity of 8-hydroxymatairesinol was lower than that of matairesinol (Mat 1). The superoxide scavenging activity of the oxidized matairesinols was also demonstrated for the first time. It is assumed that the pKa value of phenol in the oxidized matairesinols affected this activity.
Lignans are widely distributed among plant bioresources containing dietary plants and in the waste of the forestry and pulp industry. Our efforts are continuing to clarify the effect of dietary plants containing many kinds of lignan and to discover new worth in waste from plant bioresources. Research into antioxidant activity is important to evaluate the effect of plant materials containing lignans on health. 1) Except for the aromatic portion, the structure of lignans had not been paid attention to in respect of antioxidant activity. The relationship between the structure of lignans and their antioxidant activities has recently been reported. [2] [3] [4] The fact that the structure, apart from the aromatic portion, of lignans affected the degree of antioxidant activity was clarified by these reports. In particular, in the case of the 3,4-dibenzyltetrahydrofuran type of lignan, a higher oxidative degree of the benzylic position decreased the antioxidant activity. 4) This present report describes the radical and superoxide scavenging activity by employing matairesinol and oxidized matairesinol. Mat 1-Mat 6, and Lio 7 were prepared to examine the effect of the chemically active 7, 7 0 , and 8 0 positions on the antioxidant activity (Fig. 1) . Mat 2 and Mat 4 were first prepared. P. C. Eklund and co-workers have isolated Mat 3 from the reaction of matairesinol (Mat 1) with 2,2-diphenyl-1-picrylhydrazyl (DPPH).
5) It could be assumed from this result that the 7 position of matairesinol played a more important role in the antioxidant activity than the 7 0 position. Many oxidized lignans are biosynthesized by plants and the preparation of oxidized lignan has been reported. 6) Evaluating the antioxidant activity of oxidized lignan is important for the utilization of lignans. Our experiment compared the radical scavenging activity of oxidized matairesinol. This is the first report about the relationship between the lignan structure and superoxide scavenging activity by employing Mat 1-Mat 6 and Lio 7 4) (Fig. 1 ).
Results and Discussion
Preparation of the compounds Matairesinol (Mat 1) and Lio 7 were prepared from L-glutamic acid by employing previously reported methods. 4) As shown in scheme 1, Mat 2, Mat 3, and Mat 4 were respectively prepared from 6, 8, and 11 and Mat 5 and Mat 6 were prepared from 13. Compounds 6, 8, 11, and 13 were synthesized from L-glutamic acid. 4) Aldol product 6 was oxidized by pyridinium chlorochromate (PCC) to ketone 7 in 95% yield. Hydrogenolysis of 7 gave Mat 2 in 86% yield. To obtain Mat 3, compound 8 was selected as the starting material. After -benzylation of 8 by using potassium hexamethyldisilazane (KHMDS) and 4-benzyloxy-3-methoxybenzyl bromide (58%), cleavage of the silyl ether by using n-Bu 4 NF and PCC oxidation gave 10 in 42% yield (2 steps). Hydrogenolysis of 10 gave Mat 3 in 45% yield. The value of specific rotation was higher than that in literature, 6) in which Mat 3 had been prepared from naturally occurring material. There is a possibility that the naturally occurring lignan was a mixture of enantiomers. 7) Mat 4 was prepared from 11 4) via 12 by desilylation and PCC oxidation (58% yield in 2 steps) followed by hydrogenolysis (90% yield). 
Antioxidant activity of Mat 1-Mat 6
The radical scavenging activity was measured by employing DPPH in methanol (Fig. 2) . In this study, matairesinol (Mat 1) showed the strongest activity, this activity being stronger than that of sesamol which is a well known natural antioxidant. The activities of 7 0 -and 7-oxomatairesinol Mat 2 and Mat 3 were weaker than that of matairesinol (Mat 1). Oxidation at the benzylic position of matairesinol decreased the activity, the tendency also being observed in previous research about tetrahydrofuran-type lignans. 4) These results mean that a free benzylic position was necessary for higher activity. To show antioxidant activity, the presence of a benzyl radical is necessary to give oxidized marairesinol. 5) In the case of the symmetric lactone type of lignan, a different level of activity was observed between Mat 2 and Mat 3, the activity of Mat 3 being a little weaker than that of Mat 2. One reason for this difference would be due to the production of an ,-unsaturated compound between the 8 0 -position and 7 0 -benzylic position of Mat 3 5) resulting from the presence of a 7 0 -benzyl radical and -radical. Since the 7 0 -benzyl radical formed an ,-unsaturated compound without any reaction with oxygen, the conversion of Mat 3 to an ,-unsaturated compound reduced the activity. Another reason could have been the production of the enol form from thediketone of Mat 2. The antioxidant activity of the - Conditions: final concentration of a test sample, 20 mM; DPPH, 0.1 mM; detected at 517 nm. Each data value shows the mean AE SD (n ¼ 3). Different letters denote significant difference at p < 0:01 (Student's t-test).
diketone has been reported.
9) The enol form from Mat 2 increased the activity. Considering the resonance effect of the phenoxy radical with the benzylic radical, the former factor would be important. The activities of 8 0 -OH derivatives Mat 5 and Mat 6 were higher than those of Mat 2 and Mat 3. These results indicate that two free benzylic positions were more important for higher activity than the -position. The activities of Mat 5 and Mat 6 were a little weaker than that of Mat 1. It could be assumed that the 8 0 -position of matairesinol also contributed to the radical scavenging activity due to the presence of the -radical. Unexpectedly, Mat 6 showed higher activity than that of diastereomer Mat 5. It could be assumed that the cis-benzylic radical was a little more stable than the trans-benzylic radical.
The superoxide scavenging activities of Mat 1-Mat 6
and Lio 7 are shown in Fig. 3 . It can be assumed that the pKa value for phenol affected the activity. In the presence of a benzyl ketone, which is an electronwithdrawing group, the pKa value of phenol was decreased. When this benzyl ketone was one of the carbonyl group of the -diketone, the pKa value for phenol was increased because of formation of the enol form which decreased the electron-withdrawing effect of the benzyl ketone. The activity of Mat 3 was highest due to the electron-withdrawing effect by the 7-benzyl ketone group. On the other hand, due to the formation of the enol form, the activity of Mat 2 was weaker than that of Mat 3, showing the same level of activity as that of matairesinol (Mat 1). In the case of Mat 4, double enol forms of two benzyl ketones which is a conjugated diene caused the lowest activity. The activity of one of the diastereomers Mat 5 was weaker than that of matairesinol (Mat 1). It was found that a proton from the position would have little effect on the activity. The pKa value of the -hydroxy group is low because of a hydrogen bond with the carbonyl group of lactone. The activity of Lio 7 was almost the same as that of matairesinol (Mat 1), Mat 2, and Mat 3.
This study compared the radical scavenging activity of 7 0 -oxomatairesinol, 7-oxomatairesinol, and 8 0 -hydroxymatairesinol for the first time. The relationship between the structure of oxidized matairesinol and the superoxide scavenging activity was also examined for the first time. These results will contribute to the practical utilization of lignans.
Experimental
Melting point (mp) data are uncorrected. NMR data were measured by a JNM-EX400 spectrometer using TMS as standard (0 ppm), and optical rotation values were evaluated with a HORIBA SEPA-200 instrument. The silica gel used was Wakogel C-300 (Wako, 200-300 mesh). The numbering of compounds follows IUPAC nomenclatural rules.
(2S,3R)-2-(4-Benzyloxy-3-methoxybenzoyl)-3-(4-benzyloxy-3-methoxybenzyl)-4-butanolide (7) . A reaction mixture of benzyl alcohol 6 (0.42 g, 0.76 mmol), PCC (0.18 g, 0.84 mmol), and MS 4A (0.1 g) in CH 2 Cl 2 (20 ml) was stirred at room temperature for 16 h before addition of ether. After the mixture was filtered, the filtrate was concentrated. The residue was applied to silica gel column chromatography (EtOAc/hexane = 1/2) to give -benzoyl lactone 7 (0.40 g, 0.72 mmol, 95%) as a colorless oil, ½ 
(2S,3R)-2-(4-Hydroxy-3-methoxybenzoyl)-3-(4-hydroxy-3-methoxybenzyl)-4-butanolide (Mat 2).
A reaction mixture of benzyl ether 7 (0.40 g, 0.72 mmol) and 5% Pd-C (0.32 g) in EtOAc (10 ml) was stirred at the ambient temperature for 2 h under H 2 gas before filtration. The filtrate was concentrated, and then the residue was applied to silica gel column chromatography (EtOAc/hexane = 1/1) to give Mat 2 (0.23 g, 0.62 mmol, 86%) as a colorless oil, ½ Final concentration of a test sample, 160 mM. Conditions: final concentration of a test sample, 20 mM; DPPH, 0.1 mM; detected at 517 nm. Each data value is the mean AE SD (n ¼ 3). Different letters denote significant difference at p < 0:01 (Student's t-test).
4-benzyloxy-3-methoxybenzyl bromide (0.95 g, 3.09 mmol) in THF (10 ml) was added. After stirring at À70 C for 30 min, sat. aq. NH 4 Cl solution was added. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/toluene = 1/4) gave benzyl lactone 9 (1.27 g, 1.79 mmol, 58%) (2R,3R)-2,3-Bis(4-benzyloxy-3-methoxybenzyl)-4-butanolide (14). The same synthetic method as that described for 9 gave 14 from 13 as a colorless oil in 47% yield, ½ Measurement of the radical scavenging activities of Mat 1-Mat 3, Mat 5 and Mat 6. To an appropriate amount of a sample in a methanol solution (4.9 ml) was added 100 ml of 5 mM DPPH in a methanol solution. After the solution had stood at 25 C for 0.5 h, the absorbance at 517 nm was measured. The antiradical activity was evaluated from the decreased value of the 51-nm absorption, which was calculated by the following equation: %scavenging effect = [(A 0 -A 1 )/A 0 ] Â 100, where A 0 is the absorption of the control (without a sample) and A 1 is the absorption of the mixture containing a sample.
Measurement of the superoxide scavenging activities of Mat 1-Mat 6 and Lio 7. The superoxide scavenging activity was determined by using a WST superoxide dismutase assay kit (Dojindo Molecular Technology, Kumamoto, Japan). Briefly, superoxide radicals were generated by the xanthine/xanthine oxidase system, and reduced WST-8 to water-soluble formazane which exhibited an absorption maximum at 450 nm. Decreased absorption of the reaction mixture indicated increased superoxide scavenging activity. The reaction mixture was incubated at 37 C for 20 min, and the absorption was read at 450 nm by a Bio-Rad 680 microplate eader. The capability of scavenging the superoxide radicals was calculated by using the following equation: % scavenging effect = [(A 0 -A 1 )/A 0 ] Â 100, where A 0 is the absorption of the control (without a sample) and A 1 is the absorption of the mixture containing a sample.
Statistical analysis. Each results is expressed as the means AE standard deviation (SD: n ¼ 3). Student's ttest was used to assess the statistical significance of a difference which was considered to be significant at p < 0:01.
